Optically active alcohols are useful as versatile chiral building blocks in organic synthesis and are gaining importance in the pharmaceutical and agrochemical industry. Asymmetric reduction of carbonyl compounds using enzymes and microorganisms is a practical method for producing optically active alcohols; 1) this method requires an efficient regeneration system of the coenzyme,
2) NAD(P)H, particularly, in recombinant Escherichia coli cells that highly express the gene for a reductase, since E. coli cells have an insufficient amount. 3, 4) To overcome this problem, Kataoka et al. 5) reported the use of E. coli cells coexpressing an aldehyde reductase 6) from Sporobolomyces salmonicolor and a glucose dehydrogenase (GDH) 7) from Bacillus megaterium as an NADPH regenerator. We have also reported the use of glucose dehydrogenase from Bacillus subtilis.
8) The coenzyme-regeneration system using GDH has several advantages, such as high specific activity and versatility for both NADH and NADPH, but it also has some disadvantages, since GDH produces an equimolar amount of a waste product, D-gluconate. We have reported that (S)-specific alcohol dehydrogenase (CpSADH) 9) from Candida parapsilosis could efficiently catalyze not only the asymmetric reduction of ECAA to (R)-ECHB but also the regeneration of NADH by oxidation of 2-propanol as a cosubstrate by itself. 4) This is a very simple and advantageous NADH-regeneration system because it does not need another enzyme to regenerate NADH and it uses inexpensive and lowmolecular-weight 2-propanol as a cosubstrate; in addition, the byproduct acetone can be easily removed by distillation. This system, however, is usable only in a limited number of cases because almost all carbonyl reductases used for asymmetric reduction cannot catalyze the oxidation of small-molecular alcohols, such as 2-propanol and ethanol.
Formate dehydrogenase (FDH), alternatively, also was used for the regeneration of NADH in vitro. 10) FDH catalyzes the oxidation of formate to carbon dioxide concomitantly with the reduction of NAD þ to NADH. The product of this step (CO 2 ) does not cause any problems due to inactivation or inhibition of the carbonyl reductases involved, and is easy to separate.
One of the optically active alcohols, ethyl (S)-4-chloro-3-hydroxybutanoate ((S)-ECHB), is useful for the synthesis of pharmacologically active compounds, such as hydroxymethylglutaryl-CoA (HMG-CoA) reductase y To whom correspondence should be addressed. Tel: +81-29-856-1322; Fax: +81-29-856-1323; E-mail: h-yamamoto@daicel.co.jp Abbreviations: ADH, alcohol dehydrogenase; CR, carbonyl reductase; KaCR1, carbonyl reductase 1 from Kluyveromyces aestuarii; ECAA, ethyl 4-chloroacetoacetate; ECHB, ethyl 3-hydroxybutanoate; FDH, formate dehydrogenase; GDH, glucose dehydrogenase inhibitors 11) and 4-hydroxypyrrolidone. 12) Several enzymes reducing ethyl 4-chloroacetoacetate (ECAA) to (S)-ECHB have been found and purified from Candida macedoniensis, 13) Candida magnoliae, 14) Geotrichum candidum, 15) Kluyveromyces lactis, 16) Saccharomyces cerevisiae, 17) and S. salmonicolor; 18) furthermore, -ketoacyl-acyl carrier protein (ACP) reductases and acetoacetyl-CoA reductases were reported to reduce ECAA to (S)-ECHB with high enantioselectivity. 8) All of the carbonyl reductases listed above, however, were NADPH-dependent and the regeneration of a coenzyme using FDH cannot be applied to the production of (S)-ECHB using these enzymes. We have attempted to discover an NADH-dependent carbonyl reductase that catalyzed the reduction of ECAA to form (S)-ECHB to compare the regeneration system of a coenzyme using FDH with that using GDH.
As a result of screening, we discovered a novel NADH-dependent carbonyl reductase (KaCR1) in Kluyveromyces aestuarii. In this paper, we report the purification and characterization of KaCR1, the cloning of a KaCR1 gene, and the production of (S)-ECHB with whole recombinant E. coli cells coexpressing KaCR1 with FDH and GDH.
Materials and Methods
Materials. (R)-and (S)-ECHB were purchased from AZmax (Ichihara, Chiba, Japan). ECAA was a product of Daicel Chemical Industries (Tokyo, Japan). The other chemicals were analytical-grade reagents from Wako Pure Chemical Industries (Osaka, Japan).
Microorganisms, plasmids, and cultivation conditions. K. aestuarii DC 6752 was used for enzyme purification and gene cloning. The host strains of E. coli used were JM109 (hsdR17 recA1 del(lac-proAB) endA1 gyrA96 thi-1 relA1 supE44 [F 0 , traD36, proAB lacI q lacZdelM15]) and HB101 (F À leuB6 Á(gpt-proA)62 recA13 thi-1 ara-14 lacY1 galK2 xyl-5 mtl-1 rpsL20(Str þ ) supE44 Á(mcrC-mrr)). The vector plasmids used in this study were pUC18 (Takara Bio, Otsu, Japan) and pSE420D. 8) For the screening of microorganisms with NADHdependent ECAA reductase, yeasts and fungi were grown in a YM medium (1% glucose, 0.3% yeast extract (Kyokuto Seiyaku Kogyo, Tokyo, Japan), 0.5% Polypepton (Nihon Pharmaceutical, Tokyo, Japan), and 0.3% malt extract (Kyokuto Seiyaku Kogyo, Tokyo, Japan); pH 6.0). Bacteria were grown in a Kirikan medium containing 0.5% glucose, 1% yeast extract, 1% Polypepton, 0.3% meat extract (Kyokuto Seiyaku Kogyo), and 0.5% sodium chloride (pH 7.0). E. coli was grown in an LB medium (1% Bacto-Tryptone (Becton, Dickinson and Co., Sparks, MD, USA), 0.5% Bacto-Yeast extract (Becton, Dickinson and Co., Sparks, MD, USA), and 1% NaCl; pH 7.2) and in a 2 Â YT medium (2% BactoTryptone (Becton, Dickinson), 1.0% Bacto-Yeast extract (Becton, Dickinson), and 1% NaCl; pH 7.2). An LB medium with 15 g of agar was solidified when necessary. A selective antibiotic medium contained ampicillin (50 "g/ml).
Screening methods. Cells from 5 ml of cultured broth were harvested, suspended with 2 ml of a substrate solution comprised of 1% ECAA, 0.73% 2-propanol, and 100 mM potassium phosphate (pH 6.5), and were incubated at 30 C for 17 h with shaking. The amounts and the optical purity of ECHB formed were measured.
Enzyme assays and protein determination. KaCR1, GDH, and FDH were assayed spectrophotometrically at 30 C. The standard assay mixture for KaCR1 contained 20 "mol of ECAA, 0.2 "mol of NADH, 100 "mol of a potassium phosphate buffer (pH 6.5), and the enzyme in a final volume of 1 ml. The standard assay mixture for GDH contained 100 "mol of D-glucose, 2.5 "mol of NAD þ , 100 "mol of a potassium phosphate buffer (pH 6.5), and the enzyme, in a final volume of 1 ml. The standard assay mixture for FDH contained 100 "mol of sodium formate, 2.5 "mol of NAD þ , 100 "mol of a potassium phosphate buffer (pH 7.0), and the enzyme in a final volume of 1 ml. One unit of the enzyme is defined as the amount of enzyme that catalyzes the decrease or the increase of 1 "mol of NADH per min.
Specific activity is expressed as units per milligram of protein. Protein was measured using the protein-dye binding method 19) using bovine serum albumin as a standard.
Purification of KaCR1 from K. aestuarii. The entire purification procedure was done at 0-4 C and, 10 mM potassium phosphate (pH 8.0) containing 0.01% 2-mercaptoethanol, and 10% glycerol was used as the standard buffer. K. aestuarii was grown in 20 l of a YM medium at 30 C. Cells (653 g of wet weight) obtained by centrifugation were suspended with 50 mM potassium phosphate (pH 8.0), 0.02% 2-mercaptoethanol, 1 mM leupeptin, 1 mM pepstatin A, 1 mM ethylenediaminetetraacetic acid (EDTA), and 1 mM phenylmethanesulfonyl fluoride (PMSF) and disrupted with a Bead-beater (BioSpec Products, Bartlesville, OK, USA). To the crude extract obtained by centrifugation, 167 ml of 5% protamine sulfate was added slowly to remove cell debris and nucleic acids. To the supernatant obtained by centrifugation, solid ammonium sulfate was added to 25% saturation and the enzyme solution was centrifuged. The resultant supernatant was put on a PhenylToyopearl 650M column (5:0 Â 27:5 cm; Tosoh, Tokyo, Japan) equilibrated with 10 mM potassium phosphate (pH 8.0) containing 0.01% 2-mercaptoethanol and ammonium sulfate at 25% saturation. The enzyme was eluted with a linear 25-0% gradient of ammonium sulfate. Active fractions were collected, concentrated, and dialyzed against the standard buffer. The dialyzed enzyme solution was put on a Q-Sepharose HP column (2:6 Â 10 cm; Amersham Biosciences, Uppsala, Sweden) equilibrated with the standard buffer. After the column was washed with the equilibration buffer, the enzyme was eluted with a 0-0.9 M gradient of NaCl. To active fractions concentrated by ultrafiltration, ammonium sulfate was added to 20% saturation. The enzyme solution was put on a Butyl-Toyopearl column (1:6 Â 10 cm, Tosoh) equilibrated with the standard buffer containing ammonium sulfate at 20% saturation. The enzyme was eluted with a linear 20-0% saturation of the ammonium sulfate gradient. Active fractions were collected, dialyzed against the standard buffer, and put on a HiTrap Blue HP column (5 ml; Amersham Biosciences) equilibrated with the same buffer. The enzyme was eluted in an unabsorbed fraction. The unabsorbed fraction was put on a Superdex 200 column (1:6 Â 60 cm; Amersham Biosciences) equilibrated with the standard buffer containing 0.3 M sodium chloride. The enzyme was eluted with the same buffer, and active fractions were pooled, concentrated, and used as the purified enzyme.
Amino acid sequence analysis. The purified enzyme was put through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the enzyme in the gel piece obtained was digested with lysyl endopeptidase at 35 C overnight. The peptide fragments obtained were separated by reverse-phase HPLC on a TSK gel ODS-80Ts column (2:0 Â 250 mm, Tosoh). The Nterminal amino acid sequences were identified with an HP G1005A Protein Sequencing System (HewlettPackard, Palo Alto, CA, USA).
Recombinant DNA techniques. The standard molecular biology techniques were done as described by Sambrook et al. 20) Chromosomal DNA was prepared from K. aestuarii as described by Cryer. 21) PCR, except for the PCR for the core region of KaCR1 and inverse PCR, was done in a reaction mixture (50 "l) containing 125 ng of genomic DNA or 25 ng of plasmid DNA as a template, both primers (25 pmol), four deoxyribonucleotide triphosphates (dNTPs; final concentrations, 0.1 mM each), and 2 U of native Pfu DNA polymerase (Stratagene, LaJolla, CA, USA) in the buffer for native Pfu DNA polymerase. PCR was done for 30 cycles (45 s at 95 C, 60 s at 50 C, and 3 min at 75 C) with a GeneAmp PCR System 2400 (Applied Biosystems, Foster City, CA, USA). Primers used for the amplification of genes by PCR are listed in Table 1 .
PCR for the core region of the KaCR1 gene. Amplification by PCR was done in a reaction mixture (50 "l) containing 50 ng of chromosomal DNA as a template, both primers (50 pmol each), four dNTPs (final concentrations, 0.1 mM each), and 1 U of AmpliTaq DNA polymerase (Takara Bio) in the buffer for AmpliTaq. The reaction was done for 30 cycles (30 s at 94 C, 30 s at 45 C, and 1 min at 70 C) with a GeneAmp PCR System 2400 (Applied Biosystems). The DNA fragment amplified by PCR was purified, digested with BamHI and HindIII, and ligated to the BamHIHindIII site of pUC18 with a DNA Ligation Kit (Takara Bio).
Inverse PCR for DNA sequences that flank a core region. Chromosomal DNA from K. aestuarii was digested with HaeII. Digested DNAs were circularized with T4 DNA ligase. Amplifications by inverse PCR 22) were done in a reaction mixture (50 "l) containing 50 ng of circularized DNA obtained as described above, both primers (50 pmol each), four dNTPs (final concentrations, 0.1 mM each), and 1 U of Ex-Taq DNA polymerase (Takara Bio) in the buffer for Ex-Taq. The reaction was done for 30 cycles (30 s at 94 C, 30 s at 55 C, and 7 min at 72 C). The amplified DNA fragment was ligated with a pT7Blue T-vector (Novagen, Madison, WI, USA).
Nucleotide sequencing. The dideoxynucleotide chain termination method was used for nucleotide sequencing 
XbaI a Underlined nucleotides represent the restriction sites.
of the cloned DNA fragments with a Dye-terminator cycle-sequencing kit (Applied Biosystems). The KaCR1 gene data have been deposited in the DDBJ DNA database under the accession number E59061. Sequence data were analyzed by GENETYX-WIN (Genetyx, Tokyo, Japan).
Construction of an expression plasmid of GDH. An 809-bp DNA fragment containing the entire GDH 23) gene from Bacillus subtilis was amplified by PCR with the primers BSG-ATG3 and BSG-TAA3 from an expression plasmid of GDH, pSE-BSG1.
8) The resultant DNA fragment was digested with NcoI and XbaI and ligated into the NcoI-XbaI sites of pSE420D to obtain another expression plasmid of GDH, pSE-BSG3.
Construction of an expression plasmid of KaCR1. A 901-bp DNA fragment containing the entire KaCR1 gene was amplified by PCR with primers KAR-ORF5 and KAR-ORF3 from the genomic DNA of K. aestuarii. The resultant DNA fragment was digested with BamHI and XbaI and ligated into the BamHI-XbaI sites of a coexpression plasmid, pSE420D, 8) to obtain a plasmid, pSE-KAR1.
Construction of two coexpression plasmids of KaCR1 and GDH. pSE-KAR1 was digested with BamHI and XbaI, and the resultant DNA fragment containing a whole KaCR1 gene was ligated into the BamHI-XbaI sites of pSE-BSG1 to obtain a coexpression plasmid of KaCR1 and GDH, pSG-KAR1.
A 926-bp DNA fragment containing the entire KaCR1 gene was amplified by PCR with primers KAR-BSG5-3 and KAR-BSG3 from pSE-KAR1. The resultant DNA fragment was digested with XbaI and HindIII and ligated into the XbaI-HindIII sites of pSE-BSG3 to obtain another coexpression plasmid of KaCR1 and GDH, pSG-KAR3.
Construction of an expression plasmid of FDH. A 1235-bp DNA fragment containing the entire FDH 24) gene from Mycobacterium vaccae was amplified by PCR with primers MCF-ATG2 and MCF-TAA3 from pMcFDH.
25) The resultant DNA fragment was digested with NcoI and XbaI and ligated into the NcoI-XbaI sites of pSE420D to obtain an expression plasmid of FDH, pSE-MF15.
Construction of a coexpression plasmid of KaCR1 and FDH. pSG-KAR3 was digested with XbaI and HindIII, and the resultant DNA fragment containing a whole KaCR1 gene was ligated into the XbaI-HindIII sites of pSE-MF15 to obtain a coexpression plasmid of KaCR1 and FDH, pSFR415.
Cultivation of E. coli carrying the expression plasmid. E. coli HB101 harboring an expression plasmid was grown in 7 ml of an LB medium containing ampicillin to the optical density of 1.5-2.0 at 600 nm and, after the addition of 0.1 mM IPTG, the culture medium was shaken at 30 C for another 4 h. Centrifuged cells were used for the enzyme assay.
Synthesis of (S)-ECHB using whole recombinant E. coli cells. E. coli HB101 harboring an expression plasmid was grown in 50 ml of a 2 Â YT medium containing ampicillin to the optical density of 1.5-2.0 at 600 nm and, after the addition of 0.1 mM IPTG, the culture medium was shaken at 30 C for another 4 h. Cells centrifuged from a culture medium of 20 ml were added to 20 ml of a reaction mixture containing 5% (304 mM) ECAA, 608 mM D-glucose or sodium formate, and a 500 mM potassium phosphate buffer (pH 6.5) in a baffled shake flask of 100 ml. The reaction mixture was shaken at 20 C overnight.
Measurement of ECAA, ECHB, and the optical purity of ECHB. The amounts of ECAA and ECHB were measured by gas chromatography as described previously.
16) The optical purity of ECHB was determined by chiral HPLC with a Chiralcel OD column (4:6 Â 250 mm, Daicel Chemical Industries, Tokyo, Japan) at 30 C, eluted with n-hexane:2-propanol (9:2) at a flow rate of 0.5 ml/min, and detected with a refractive index (RI) detector.
Results

Screening of NADH-dependent ECAA reductase
From 143 strains (52 genera, 100 species), we screened microorganisms that could synthesize (S)-ECHB from ECAA using 2-propanol as an energy source for the regeneration of NADH, and examined the coenzyme specificity and the enantioselectivity of ECAA reductases from several microorganisms. A novel NADH-dependent ECAA reductase (designated as KaCR1) was discovered in K. aestuarii.
Purification of KaCR1 from K. aestuarii
The enzyme, KaCR1, was purified from K. aestuarii by Phenyl-Toyopearl, Q-Sepharose, Butyl-Toyopearl, HiTrap Blue, and Superdex 200 chromatographies, as described in Materials and Methods. The results of the enzyme purification are summarized in Table 2 . The specific activity (28.6 U/mg) of the final preparation was about 441-fold higher than that of the crude extract. The purified enzyme gave one major, with an apparent subunit molecular mass of 32,000, and one minor band on an SDS-PAGE, as shown in Fig. 1 . The major band showed NADH-dependent ECAA reductase activity on activity staining. The molecular mass of native KaCR1, measured by gel filtration with a Superdex 200 column (1:6 Â 60 cm), was 85,000.
Properties of KaCR1
The enzyme used mainly NADH as an electron donor, and NADHPH could replace NADH by only 6.4%. The enzyme had maximal activity at pH 5.0-5.5 and 45 C for the reduction of ECAA in a sodium acetate buffer and a potassium phosphate buffer but no oxidative activity of (S) or (R)-ECHB. These findings suggested that the enzyme functioned as an exclusive reductase.
Substrate specificity of KaCR1
The substrate specificity of the enzyme is shown in Table 3 . KaCR1 had restricted substrate specificity; it showed high activities for 4-chloroacetoacetate esters, such as ethyl ester and methyl ester, and ,-diketones, such as 2,3-butanedione and 2,3-pentanedione; however, it showed none or little activity for ethyl acetoacetate without chlorine substitution at the 4-position, simple ketones, or aldehydes, such as pyridine-3-aldehyde, a typical substrate for the aldo-keto reductase superfamily enzymes. 26, 27) The enzyme had an extremely high 
The reductive reaction was done in a reaction mixture of 1 ml containing 0.2 "mol of NAD(P)H, 50 "mol of potassium phosphate (pH 6.5), a substrate, and the enzyme. To calculate the relative activity, the activity with 20 mM ECAA was taken as 100%. b The oxidative reaction was done in a reaction mixture of 1 ml containing 20 "mol of a substrate, 2.5 "mol of NAD þ , 50 "mol of Tris-HCl (pH 8.5), and the enzyme.
enantioselectivity, catalyzing the reduction of ECAA to (S)-ECHB with more than 99%ee.
Effects of several reagents
The effects of various chemicals on the activity of KaCR1 are shown in Table 4 . The enzyme was sensitive to an SH-blocking reagent, such as p-chloromercuribenzoic acid, and a heavy metal, such as CuSO 4 . The enzyme, however, was insensitive to phenylmethanesulfonyl fluoride, quercetin, a nonspecific inhibitor of human brain carbonyl reductase, 26) and human liver aldehyde reductase, 27) and barbital, an inhibitor of aldehyde reductase.
N-terminal and inner amino acid sequences of KaCR1 and preparation of PCR primers
N-Terminal amino acid sequence of the purified enzyme was analyzed, but no amino acid was detected, perhaps because an N-terminal amino acid was blocked. After digestion of the purified enzyme by lysyl endopeptidase, the digested peptide fragments were separated and sequenced. According to the internal partial amino acid sequences, KAR50 (TFQHFLRGG) and KAR59 (GFAVDFAH), primer 1 for a sense primer and primer 2 for an antisense primer corresponding to KAR50, and primer 3 for a sense primer and primer 4 for an antisense primer corresponding to KAR59 were synthesized.
Cloning and nucleotide sequence of KaCR1
The core region of the KaCR1 gene could be amplified by PCR only using the combination of primer 1 and primer 4 and subcloned into pUC18 to obtain a plasmid, pKAR2. The core region was 638 bp in length. To clone the 5 0 -and 3 0 -flanking regions of the core region, HaeII-digested chromosomal DNA were used as a template of inverse PCR after self-circularization. Two oligonucleotide primers, primer 5 and primer 6, were synthesized. A PCR product was subcloned into a pT7Blue T-vector to obtain a plasmid, pT7B-F. The nucleotides of the insert DNA fragment were sequenced. The nucleotide sequence of the 5 0 -and 3 0 -flanking regions were connected with the sequence of the core region, and the initiation codon, ATG (position +1), and the termination codon, TGA (position 877), were found. This open reading frame of 876 nucleotides encoded a polypeptide of 292 amino acid residues with a calculated molecular weight of 31,687 (Fig. 2) . Amino acid sequences obtained from the purified enzyme were found in the open reading frame.
The conserved residues of the short chain dehydrogenase/reductase (SDR) superfamily are observed in the deduced amino acid sequence (position 181 to 209) by motif search with the PROSITE database. 28) A comparison of the KaCR1 sequence with public databases was done using the BLAST2 computer algorithm. 29) Sorbitol utilization proteins, SOU2 and SOU1, 30) from Candida albicans, carbonyl reductase S1 from C. magnoliae, 31) and mannitol dehydrogenase from Cladosporium fulvum 32) showed high similarity scores to KaCR1. The overall amino acid sequence identity with these dehydrogenases was estimated to be 46%, 45%, 42%, and 38% identity, respectively. The carbonyl reductase S1 was reported to catalyze the stereoselective reduction of ECAA to (S)-ECHB as well as KaCR1, but S1 used NADPH exclusively as an electron donor, but not NADH, differently from KaCR1. The comparison of sequences around the coenzyme binding domain in the SDR family is shown in Table 5 . Two basic residues (Lys-17 and Arg-39) of mouse lung carbonyl reductase (CR) were suggested to be required for NADP(H) specificity of the SDR family enzymes. 33) In KaCR1 the amino acids corresponding to Lys-17 and Arg-39 of mouse lung CR were not basic amino acids, but Gly-49 and Tyr-72, respectively. In Drosophila ADH specific for NAD(H) Asp-38 was suggested to play an important role in NAD(H) specificity. 34, 35) In KaCR1 the amino acid corresponding to Asp-38 was Asp-71 also.
Construction of an expression plasmid of KaCR1 and its expression in E. coli
To construct an expression plasmid of solely KaCR1 in E. coli, only the ORF was amplified by PCR with the primers KAR-ORF5 and KAR-ORF3, and a PCR product was inserted into pSE420D to obtain pSE-KAR1 (Fig. 3) . The KaCR1 activity was found in E. coli JM109 harboring pSE-KAR1 cultured in the presence of IPTG, but little activity was found in the E. coli JM109 cells harboring the vector plasmid pSE420D cultured under the same conditions. The crude extract obtained from E. coli HB101 harboring pSE-KAR1 gave 3.22 U/ mg-protein and 0.810 U/ml-cultured broth of KaCR1 activity, which were 50-fold and 4.6-fold higher than those of K. aestuarii, respectively, as shown in Table 6 .
Construction of two coexpression plasmids of KaCR1 and GDH and their expressions in E. coli
Two kinds of coexpression plasmids of KaCR1 and GDH from B. subtilis as an operon, pSG-KAR1 and pSG-KAR3, were constructed based on a coexpression vector, pSE420D (Fig. 3) . Each plasmid had both genes in reverse order between the trc promoter and the Activities were measured under standard assay conditions containing each reagent after an enzyme was incubated with each reagent for 10 min at 30 C. The residual activity in the absence of a reagent was taken as 100%.
rrnBT1T2 terminator. The KaCR1 activity and the GDH activity were found in E. coli HB101 harboring each plasmid cultured in the presence of IPTG. E. coli HB101 cells harboring pSG-KAR1 showed higher KaCR1 (3.06 U/mg) and GDH (2.76 U/mg) activities, as shown in Table 6 .
Construction of a coexpression plasmid of KaCR1 and FDH and its expression in E. coli
A whole FDH gene from M. vaccae was amplified by PCR from pMcFDH 25) and inserted into pSE420D to obtain an expression plasmid of FDH, pSE-MF15 (Fig. 3) . A DNA fragment containing a whole KaCR1 gene from pSG-KAR3 was inserted into pSE-MF15 to obtain a coexpression plasmid of KaCR1 and FDH, pSFR415. As for the coexpression of KaCR1 and FDH, The amino acid sequences of lysyl endopeptidase fragments are underlined. The putative short-chain dehydrogenase/reductase motif is in italics. Asterisk, termination codon. a sole plasmid (pSFR415) was constructed to have an FDH gene at first and then a KaCR1 gene downstream of the trc promoter because the specific activity of the isolated FDH was reported to be 14 U/mg at 37 C, 25) lower than that (28.6 U/mg at 30 C) of KaCR1. The crude extract obtained from E. coli HB101 harboring pSFR415 gave 2.00 U/mg of KaCR1 and 1.46 U/mg FDH activities. RALVTGAGKGIGRDTVKALHVS.GARVVAVTRT
53)
The consensus glycines and conserved Lys, Arg, and Asp residues are illustrated in bold face. Abbreviations: ADH, alcohol dehydrogenase; CpSADH, Candida parapsilosis (S)-specific alcohol dehydrogenase; CR, carbonyl reductase; HSD, hydroxysteroid dehydrogenase; Pos, position; TR, tropinone reductase. Fig. 3 . Construction of KaCR1, GDH, and FDH Expression Plasmids. The construction of plasmids is described in Materials and Methods.
Synthesis of (S)-ECHB with E. coli cells coexpressing KaCR1 and enzymes for NADH-regeneration, GDH and FDH
The reduction of ECAA was examined using E. coli HB101 cells harboring pSG-KAR1, pSG-KAR3, or pSFR415 on a flask scale. The amounts of ECHB obtained using pSG-KAR1, pSG-KAR3, and pSFR415 were as follows: 23.0 g/l, 19.2 g/l, and 17.3 g/l, respectively. When GDH was used for NADH-regeneration, E. coli cells harboring pSG-KAR1 showed higher productivity of (S)-ECHB than E. coli cells harboring pSG-KAR3, as well as higher enzyme activities. FDH also functioned efficiently as an NADH-regenerator but the concentration of (S)-ECHB accumulated was lower than that using GDH.
Comparison of GDH and FDH as an NADH-regenerator on a mini-jar scale On a flask scale, the whole amount of a substrate ECAA was added at the beginning of a reaction, while on a mini-jar scale, the initial concentration of ECAA was decreased to 2%, and ECAA was fed into the reaction mixture for 4 h at the rate of 7.5 g/l each hour after 2 h of initiation to keep the concentration of ECAA in the reaction mixture at a low level, because ECAA was unstable in an aqueous solution and inactivated KaCR1, GDH, and FDH.
Using E. coli cells harboring pSG-KAR1, the amount of ECHB reached 45.6 g/l, and the optical purity of ECHB was more than 99% ee(S), as shown in Fig. 4 . When E. coli cells harboring pSFR415 were used, the amount of ECHB reached only 19.0 g/l, and the optical purity of ECHB was more than 99% ee(S).
Discussion
In this report, we described a novel NADH-dependent carbonyl reductase, KaCR1, from K. aestuarii. In general NADH-dependent carbonyl reductases also have alcohol dehydrogenase activity. 36, 37) Alternatively, almost all NADPH-dependent carbonyl reductases 6, 8, [13] [14] [15] [16] [17] [18] only have reductase activities but no dehydrogenase activities. In principle, carbonyl reductases that cannot catalyze oxidative reactions are more advantageous to asymmetric reduction than alcohol dehydrogenases that can catalyze oxido-reductive reactions because the equilibration of a reaction is not necessary for consideration. In addition, the cellular concentrations of NAD(H) were reported to be higher than those of NADPH in several microorganisms. 38, 39) The concentrations of NAD(H) and NADP(H) in E. coli cells cultured in a minimum medium containing an excess amount of glucose, for example, were reported to be 2.44 and 0.24 mg/g-dry cells, respectively. KaCR1, which was dependent on NADH and could only catalyze a reductive reaction of carbonyl compounds, was unique and advantageous to the synthesis of optically active alcohols and the comparison of coenzyme-regeneration systems.
Glucose dehydrogenases have excellent properties as coenzyme regenerators: 7) 1) they can regenerate both NADH and NADPH; 2) they have high specific activity at slightly acidic conditions that many carbonyl reductases have maximal activities for reductive reaction; 3) glucose, their substrate, is very inexpensive and not toxic for carbonyl reductases. Glucose dehydrogenase, however, has defects that produce a large amount of a E. coli HB101 transformants harboring each plasmid were cultured in an LB medium to an optical density (600 nm) of 1.5-2.0 and cultured for another 4 h after addition of 0.1 mM IPTG. The enzyme activities of cell-free extracts were measured. ND, not determined. waste product, gluconate, during the regeneration of coenzymes, and this waste product sometimes interferes with the isolation of chiral alcohols. In this report, using E. coli cells expressing KaCR1 and GDH, (S)-ECHB was efficiently synthesized on a mini-jar scale, giving 45.6 g/l and more than 99% ee.
Alternatively, the NADH-regeneration system using FDH has several advantages: 1) its reaction is irreversible; 2) its substrate, formic acid, is a small molecule and inexpensive; 3) CO 2 as its product does not inhibit almost any carbonyl reductases; 4) CO 2 is easily removed from a target product. The use of FDH as an NADH-regenerator, however, was mostly restricted to several enzymatic synthesis, 10, 40) and the coexpression of a reductase and FDH and the use of recombinant cells as whole-cell biocatalysts have not been reported except for a few studies on the synthesis of amino acids. 41, 42) In this report, we examined the use of E. coli cells coexpressing a carbonyl reductase and FDH as a wholecell biocatalyst for the synthesis of (S)-ECHB from ECAA. The FDH activity of E. coli cells coexpressing KaCR1 and FDH was 1.46 U/mg, lower than the GDH activity (2.76 U/mg) of E. coli cells coexpressing KaCR1 and GDH. The synthesis of (S)-ECHB using E. coli cells coexpressing KaCR1 and FDH stopped at 19.0 g/l, which was lower than 45.6 g/l using E. coli cells coexpressing KaCR1 and GDH. These findings suggested that the lower productivity of FDH resulted from the lower activity and/or lower stability for ECAA of FDH than GDH. Zelinski and Kula suggested that ECAA slowly but irreversibly deactivated the FDH, the origin of which has not been described. 43) The FDH from M. vaccae was reported to be one of the FDHs with the highest specific activity and stability. 44) Further work is needed to take advantage of FDH as an NADHregenerator. Attempts to improve the stability of FDH against halo-ketones, such as ECAA, are currently in progress.
